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ABSraACT 


The  development  of  flexible,  solid  propellant  rocket 
motor  case  insulation  is  disoussed.  Data  are  presented  for 
insulation  based  primarily  on  butadiene/styrene  and  butadiene/ 
acrylonitrile  copolymers.  The  oxyacetylene  torch  test  cur¬ 
rently  being  standardized  by  the  Flame  Ablation  Test  Group  of 
Section  IZI-L  of  ASTH  Committee  D-20  was  the  principle  screen¬ 
ing  tool  used  in  the  study. 

Vulcanizates  were  compounded  using  a  variety  of  fillers 
and  filler  combinations  including  salts,  resins  and  fibers, 

The  selection  of  these  fillers  was  based  on  such  properties 
as  heat  stability,  ability  to  form  char,  heat  capacity  and 
their  known  ability  to  reinforce  rubber.  As  a  result  of  these 
studies,  a  material  was  developed  which  static  motor  tests 
show  to  have  promise  as  a  flexible  material  for  case  insu¬ 
lation.  This  material  was  based  on  a  butadiene/acrylonitrile- 
phenol  furfural-asbestos  composition. 

Other  promising  materials  which  are  reported  are  based 
on  two  types  of  liquid  butadleoe/styrene  copolymers  and  a 
butadiene/acrylonitrile-polyvinyl  chloride  blend. 
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RECOHHEHDATIONS 


It  is  recommended  that  a  double  bladed,  Sl^a  type  mixer 
he  obtained  in  order  that  more  uniform  mixes  of  liquid  poly¬ 
mers  and  fillers  can  be  obtained  without  destroying  the  in¬ 
tegrity  of  the  filler  itself. 

It  is  recommended  that  commercially  available  liquid 
polymers  be  evaluated  with  long  fiber  asbestos  as  a  filler  in 
order  to  determine  the  superiority  of  one  polymer  over 
another. 

The  best  insulation  material  developed  to  date  in  this 
study  is  a  butadlene/acrylonitr ile-phenol  furfural-asbestos 
vulcanlzate.  It  is  recommended  that  a  study  be  conducted  to 
optimize  this  composition  as  to  quantity  and  types  of  in¬ 
gredients;  for  example,  it  might  be  possible  to  substitute  a 
liquid  pol3rmer  in  place  of  the  solid  polymer, 

Despite  the  poor  elongation  of  resin  filled  insulation 
materials,  the  good  insulating  ability  and  erosion  resistance 
of  these  vulcanizates  warrant  their  further  study.  It  is  re¬ 
commended  that  special  efforts  be  made  to  evaluate  fully  the 
flexible  resins  developed  by  Atlantic  Researc^h  Corporation 
under  Contract  #DA-036-(SD-332®D  as  well  as  commercially 
available  flexible  resins. 
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DEVELO^KENT  OF  FLEXIBLE  IKSDUTION  FOR 
SOLIS  l^OPELIAET  ROCKET  lfOT<»  CASKS 


(»JECT 


To  develop  Improved,  flexible,  thermal  case  Insulation 
for  solid  propellant  rocket  motors. 

INTOODUCTION 

Lighter  weight  structural  matarlals  and  more  efficient 
propellants  are  among  the  major  factors  which  are  expected  to 
Improve  the  performance  cf  solid  propellant  rocket  motors, 
Concomitant  with  the  use  of  these  materials  is  the  need  for 
more  efficient  rocket  motcr  insulation.  The  lightweight 
metallic  and  plastic  case  materials  generally  suffer  from 
low  tolerance  tc  heat.  The  super  propellants  burn  for 
several  minutes  at  very  high  temperatures  and  produce  high 
pressures  and  erosive  combustion  products.  These  factors  all 
Indicate  the  need  for  improved  insulation.  Superior  insu¬ 
lation  is  especially  needed  for  rocket^motors  which  employ 
end-burning  grains.  Batchelor  et  al^^^  point  out  that  "the 
capability  of  rockets  using  end-burning  grains  can  be  limited 
by  the  motor  case  insulation  because  this  material  must  sur¬ 
vive  exposure  to  the  hot  gases  fcr  the  total  duration  of  the 
firing." 

Case  insulation  must  possess  the  obvious  characteristics 
of  heat  and  erosion  resistance  in  order  to  withstand  the 
severe  operating  environments  but  in  addition  must  exhibit 
the  less  obvious  property  of  flexibility.  The  need  for 
flexible  case  insulation  has  been  cited  by  only  a  few  workers 
in  the  open  literature".  Batchelor  et  al'^^  state  that  "the 
liner  ClQSulaticnJ  need  not  add  mechanical  strength  to  the 
case,  but  it  must  maintain  its  integrity  while  being  strained 
to  conform  to  the  case  deformation  which  occurs  at  initial 
pressurization  and  auiy  reach  0.8  percent."  Batchelor  et  al^^^ 
further  state  that  "the  selection  of  rubber  binders  is  often 
proB^ted  by  a  realization  that  flexibility  and  reasonable 
elongation  in  a  motor  case  insulation  is  generally  desirable 
and  often  ia^peratlve , "  Shapiro  and  Hughes describe  rubber 
based  insulation  which  has  an  ultimate  elongation  of  600 
percent.  This  very  high  elongation  was  not  the  goal  of  these 
workers,  it  was  merely  the  value  obtained  fcr  the  insulation 
which  they  had  developed. 

What  degree  c-f  flexibility  '3  required  in  case  insu¬ 
lation?  It  would  appear  that  cie  Ltate  of  the  art  has  not 
advanced  sufficiently  to  provide  answers  to  this  question. 
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It  is  the  cpinlcn  cf  the  authors  that  Batchelor’s  value  of 
0.8  percent  elcngatlcn  Is  toe  low  and  does  not  provide  a 
margin  of  safety.  The  600  percent  value  of  Shapiro  and 
Hughes  seems  to  be  unrealistically  high. 

It  has  not  been  the  purpose  of  the  present  study  to 
determine  the  optimum  degree  of  flexibility  for  case  in-- 
eulation  nor  has  the  work  been  pointed  toward  any  particular 
rocket  motor  system.  The  primary  aim  has  been  the  develop¬ 
ment  of  insulaticn  materials  having  maximum  flexibility  and 
minimum  density:  with  beth  of  these  properties  moderated  to 
provide  insulations  consistent  with  the  fundamental  require¬ 
ments,  namely,  resistance  to  flame  and  erosion. 

The  many  desirable  features  of  case  insulation;  viz., 
compatibility  with  and  bondability  to  grain  and  case,  ease 
of  manufacture  from  ccnunerclally  available  materials  and 
high  degree  of  reliability  during  long  term  storage  have 
been  kept  in  mind  but  have  net  been  the  main  guidelines  for 
the  development  work  reported  herein. 

A  major  difference  exists  between  the  work  reported 
herein  and  the  earlier  wc-rk(7^  in  that  the  test  method  used 
here  is  much  mere  severed 

PROCEDURE 

Screening  cf  candidate  insulation  materials  was  per¬ 
formed  with  an  Gxyaeetylene  torch  test.  A  schematic  dia¬ 
gram  of  the  test  equipment  is  shown  in  Figure  1  and  test 
conditions  are  presented  in  Table  I.  The  equipment  and  pro¬ 
cedures  duplicate  those  of  the  test  currently  being  stan¬ 
dardized  by  the  Flame  Ablation  Test  Group  cf  Section  IIX-L 
of  ASTH  Committee  D'-2C.  Further  details  pertinent  to  this 
type  cf  test  have  been  published by  the  Haval  Ordnance 
Laboratory,  the  agency  largely  responsible  for  the  current 
efforts  to  standardize  the  torch  test. 

The  effectiveness  cf  candidate  insulation  materials  was 
measvired  by  tw-3  test . criteria.  One  was  the  rate  cf  tempera¬ 
ture  rise  on  the  back  side  of  the  specimen  Hthile  the  front 
side  was  exposed  to  the  cxyacetylene  torch  flame.  The  other 
was  the  time  required  for  the  flame  to  burn  through  the  speci¬ 
men.  The  results  of  the  tests  obtained  in  such  manner  are 
reported  as  a  performance  index  and  an  erosion  rate.  The 
index,  referred  to  as  P2OO;  is  computed  by  dividing  the 
time  (seconds)  required  for  the  specimen  back  side  to  reach 
2000c  by  the  original  specimen  thickness  (centimeters)  and 
by  the  specific  gravity.  The  erosion  rate,  E,  is  computed  -- 
by  dividing  the  original  specimen  thickness  (mils)  by  the 
burn  through  time  in  seconds.  It  shculd  be  noted  that  high 
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SCHEMATIC  or  BU  OmCKT?tKBB  TORCH  APPAHATDS 


TABLE  I 


TXaCH  TEST  OPEBATIEG  CONDITIONS 


Oxygen  flow  rate,  standard  cubic  feet/hour  (SCFH),  127 

Acetylene  flow  rate,  SCFH,  97 

Volume  ratio  of  oxygen  to  acetylene,  1.3 

Impingement  angle  between  flame  and 

specimen,  degrees,  90 

Specimen  size,  inches,  4  x  4  x  1/4 

Distance  from  torch  tip  to  specimen,  inches,  3/4 

Temperature  of  oxygen  and  acetylene,  ^C.,  24t3 

Method  of  determining  moment  of  burn  through,  visual 
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values  of  P200  and  low  values  for  E  are  indicative  of  good 
insulation  properties.  Unless  otherwise  noted,  the  perfor¬ 
mance  indices  and  ercsicn  rates  reported  in  this  work  are  the 
average  of  two  tests.  The  average  variance  of  the  performance 
index  is  ±3  points,  that  of  the  erosion  rate  about  iO . 2  points. 

Those  materials  which  exhibited  excellent  thermal  insu¬ 
lation  capabilities  during  the  screening  test  were  further 
evaluated  in  static  rocket  motor  firing  tests  conducted  by  the 
Allegany  Ballistics  Laboratory  (ABL)  and  the  Atlantic  Research 
Corporation  (ARC)  at  their  respective  test  facilities.  De¬ 
tails  of  the  static  filing  test  methods  have  been  published 
in  a  classified  report 

Formulations  and  curing  conditions  for  all  compositions 
tested  are  given  in  Table  II.  Test  specimens  were  molded  in 
a  four  cavity  mold. 

Unless  otherwise  noted,  all  compounds  were  mixed,  cured 
and  tested  for  stress-strain  properties  in  accordance  with  the 
applicable  ASTM(6)  procedures. 

RESULTS 

One  of  the  major  findings  of  the  earlier  wcirk^"^^  on  case 
insulation  conducted  at  the  Rock  Island  Arsenal  Laboratory 
was  that  the  behavior  of  unfilled  (gum)  rubber  vulcanizates, 
w^en  tested  in,,  an  qxyacetylene  flame,  depended  upon  the  type 
of  polymer  present  in  the  vulcanizate.  This  observation  was 
based  on  data  obtained  with  an  cxyacetylene  torch  test 
similar  in  most, respects  to  the  ASTM  proposed  standard  test 
described  in  Figure  1  of  this  report  but  utilizing  a  lower 
velocity  flame  which  burned  at  a  cooler  temperature.  In  an 
effort  to  determine  whether  the  higher  velocity,  hotter 
flame  was  also  capable  cf  differentiating  among  the  insu¬ 
lation  abilities  of  various  g\im  vulcanizates,  a  portion  of 
the  earlier  work  on  gum  vulcanizates  was  repeated  with  the 
ASTM  proposed  test.  The  results  obtained  with  the  two  torch 
tests  and  the  major^ respects  in  which  the  tests  differ,  are 
given  in  Table  III. 

It  is  readily  apparent  from  the  data  in  Table  III  that 
the  low  velocity  torch  test  provides  discrimination  among 
gum  vulcanizates  based  on  different  polymers  whereas  the 
high  velocity  test  provides  no  discrimination.  All  speci¬ 
mens  tested  in  the  low  velocity  flame  charred  to  varying  de¬ 
grees.  It  is  believed  that  the  amount,  type  and  strength  of 
the  char  determined  the  length  cf  time  required  for  heat  to 
-^--po nostra. ter^  the^p ec ii^DS .  -Xa^-4:ber-4y.ghar— veTcclty— test  ,^. hqwj5_^,_ 
ever,  no  visible  char  was  formed  on  any  of  the  specimens. 
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*A11  speolmens  were  0.250  ±  0.005"^thick.  ,  All  results  are  the  average  of 
two  tests.  Tests  wore  reproducible  to  within  ±5  percent. 


It  is  assumed  that  if  char  was  formed,  it  was  immediately 
blown  away  by  the  high  velocity  Thus,  in  the  newer 

test,  all  specimens  were  penetrated  by  the  heat  of  the  flame 
very  rapidly  and  at  equal  rates. 

Many  investigators  have  reported  th't  the  efficacy  of- 
case  insulation  materials  depends  to  a  l^rge  degree  upon  the 
ability  of  the  predominant  polymeric  iugredient  to  form  low 
molecular  weight  gases.  The  gases  add  to  the  insulation 
efficiency  by  absorbing  heat  while  flowing  through  the 
charred  layer,  through  the  process  termed  "transpirational 
cooling".  No  investigator,  however,  has  formed^ definite  con¬ 
clusions  as  to  which  polymers  provide  optimum  transpirational 
cooling  when  insulation  is  burned  under  the  conditions  of  the 
torch  test  or  those  of  actual  use.  Lacking  this  inforaiation, 
and  realizing  that  the  torch  test  was  of  no  value  in  dis¬ 
criminating  among  pcl^ers  on  the  basis  of  tests  on  gum  vul- 
canizates,  the  selection  of  the  polymers  for  use  in  a  study 
of  filled  vulcanizates  became  somewhat  arbitrary.  The  two 
polymer  types  chosen  for  the  major  portion  of  this  study, 
butadiene/styrene  (SBR)  and  butadiene/acrylonitrile  (NBR) , 
were  selected  because  of  their  current  use  in  commercial  in¬ 
sulations,  their  compatibility  with  a  wide  variety  of  fillers, 
low  densities  aud  low  cost. 

The  torch  evaluation  results  for  vulcanizates  based  on 
SBR  and  containing  fillers  are  given  in  Table  lY.  The  data 
are  arranged  into  grcups,  according  to  the  types  of  fillfsrs 
used.  Choice  of  fillers  was  made  on  the  basis  of  inherent 
heat  resistance,  ability  to  reinforce  rubber,  capacity  to 
absorb  heat  during  change  in  state  or  ability  to  form  highly 
crossl inked  systems. 

Before  analyzing  the  data  cf  this  report,  it  is  impor¬ 
tant  that  the  reader  understand  the  significance  of  the  per-_ 
formance  index  and  the  erosion  rate  and  to  be  aware  of  the 
relationship  between  these  test  criteria.  It  should  be 
apparent  that  a  material  which  is  a  good,  thermal  Insulator 
will  require  a  long  period  of  time  to  attain  a  backside 
ten^ierature  of  ISOO'^C.  and  it  will,.  therefcT^,  show  a  high 
index.  Its  erosion  rate  will  usually  be  low  but  the  re¬ 
lationship  between  P200  ®  will  net  necessarily  be  pro¬ 

portional,  because  the  twe  values  are  determined  at  differ¬ 
ent  points  in  time.  Two  materials  having  equal  P200  values 
may  exhibit  grossly  different  E  rates,  depending  upon  their 
performance  after  the  20C^C.  temperature  is  reached.  For 
example,  one  material  may  have  a  high  coefficient  of  thermal 
conductivity  but  may  be  very  resistant  to  flame  penetration 
=and=eres  l«n^=i.a=wh±eh -^ase=:it=wli3~exhibit=a-pC'Cr— -Psoo^^ 
but  a  good  (low)  E  rate.  This  situation  is  best  exemplified 
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RESINOUS  FILLERS 
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*PBR  represents  parts  by  weight  per  100  parts  of  rubber. 
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by  the  very  hard,  rigid  materials  known  as  carbon-graphites. 
Typical  rubber  based  insulation  containing  less  than  50  PHR 
of  carbon  black  or  silica  fillers  will  exhibit  a  poor  P2OO  as 
well  as  a  poor  erosion  rate.  For  the  purposes  of  this  study, 
it  was  decided  that  only  those  insulation  materials  having 
Indices  over  forty  and  erosion  rates  lower  than  five  were 
worthy  of  further  evaluation. 

Examination  of  Table  ZV  Indicates  that  cf  all  the  vul- 
canizates  in  the  first  group,  those  containing  chrysotile 
long  fiber  asbestos  showed  the  best  insulation  properties. 

The  good  flame  resistance  of  these  vulcanizates  is  attributed 
to  the  fact  that  the  asbestos  filled  vulcanizates  formed 
profuse,  strong  chars  which  remained  attached  to  the  test 
specimens  durl:i;g  the  entire  test,  thereby  insulating  the  sub¬ 
strate  material  against  the  heat  of  the  torch.  Vulcanizates 
containing  shorter  fiber  length  asbestos  also  formed  large 
amounts  of  char  but  these  chars  were  weak  and  spalled  off 
under  the  impact  cf  the  high  velocity  gases.  It  is  inter* 
esting  to  note  the  tensile  strength  values  of  the  fiber-con¬ 
taining  vulcanizates.  The  tensile  value  of  the  compound  ccc- 
tainlng  100  PHR  long  fiber  asbestos  is  the  highest  of  the 
group,  indicating  that  perhaps  there  is  some  correlation  be¬ 
tween  tensile  strength  and  ability  to  form  strong  char.  The 
correlation  is  far  from  absolute,  as  evidenced  by  the  fairly 
high  tensile  strength  but  poor  performance  imparted  by 
potassium  titanate.  It  is  important  at  this  point  to  note 
the  useful  temperature  limits  for  chrysotile  asbestos,  ceramic 
and  aluminum  silicate  fibers.  The  values  are  815,  1140  and 
1250°C. ,  respectively.  Thus,  the  least  heat  resistant  fiber 
produces  the  best  insulation,  when  all  three  are  ccmpared  in 
SBR  vulcanizates  at  equal  weights.  This  information  lends 
some  credence  to  the  belief  that  the  superiority  of  asbestos 
as  a  filler  In  rubber-based  insulation  is  due  in  part  to  its 
Inherent  strength.  These  vulcanizates  which  contain  brittle 
fibers  such  as  chopped  glass,  ceramic  or  aliminum  silicate, 
all  had  lew  tensile  strengths,  probably  because  cf  the 
cutting  actlc-n  cf  the  fillers  when  under  tension. 

In  the  second  group  cf  fillers  in  Table  IV,  it  is  noted 
that  only  three  of  the  six  phenolic  resins  which  were  evalu¬ 
ated  showed  any  promise  as  fillers  for  SBR  based  Insulation. 
The  vulcanizates  centaining  IOC  PHR  of  the  phenol  formalde¬ 
hyde  resins  1  and  2*  and  the  phenol  furfural  resin  were  the 
only  ones  to  exhibit  good  torch  performance.  However,  the 
vulcanizate  containing  100  PHR  resin  #1  was  very  brittle  and 
this  resin  is,  therefore,  considered  unsatisfactory  for  use 
with  SBR.  Poor  dispersion  cf  resin  is  Indicated  by  the  large 

*For  trade  names  see  Cede  Sheet  at  end  of  report. 
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variation  in  ultimate  elongation  in  the  case  of  the  phenol 
formaldehyde  resin  #2.  The  phenol  furfural  resin  appears  to 
be  the  most  suitable  of  this  group  of  fillers  for  use  with 
SBR . 


None  of  the  oxides  shewed  promise  as  fillers  for  SBR, 

Host  of  the  vulcanizates  cf  this  group  burned  with  a  "popping 
out"  of  the  filler.  The  compound  containing  hydrated  silica 
was  the  only  one  to  form  a  char  but  the  char  spalled  rapidly, 
▲gain;  as  in  the  case  cf  the  fibrous  fillers,  there  appears  to 
be  correlation  between  the  ability  of  a  filler  to  reinforce 
the  rubber  and  the  ability  cf  the  rubber  to  form  a  char. 

Although  none  cf  the  group  of  miscellaneous  fillers  im¬ 
parted  good  torch  resistance,  two  are  of  Interest.  The  low 
but  nonetheless  significant  effectiveness  of  pentaerythrltol 
may  be  caused  by  its  interaotica  with  the  rubber.  The  very 
low  elongation  cf  this  vulcanizate  indicates  a  high  degree  of 
crossl inking,  perhaps  caused  by  the  large  number  of  reactive 
sites  and  the  mclecular  symmetry  of  pentaerythrltol.  The  vul- 
oanizate  containing  100  PHR  of  carbon  black  showed  surprising 
data;  high  tensile  strength  but  poor  torch  performance,  The 
explanaticD  tc  this  somewhat  ancmalcus  behavior  is  not  known, 
but  may  be  due  to  the  fact  that  carbon  black  burns. 

The  study  of  single  fillers  used  in  SBR  vulcanizates  was 
followed  by  work  on  combinations  of  fillers  in  this  polymer, 
as  reported  in  Tables  V  through  VII,  inclusive. 

Table  V  provides  torch  data  for  SBR-based  compounds  con¬ 
taining  various  combinations  cf  long  fiber  chrysotile 
asbestos*  and  a  phenol  furfural  resin.  These  fillers  had 
provided  good  insulation  to  SBR  vulcanizates  when  used 
separately,  as  shewn  by  the  data  for  the  two  control  com¬ 
pounds.  The  use  cf  these  fillers  in  combination  provided 
only  marginal  Inprcvemeat  la  torch  performance.  The  best 
compound,  containing  75  PHR  cf  asbestos  and  50  PHR  cf  resin, 
had  a  higher  P200  then  that  of  the  controls  but  it 

showed  only  little  improvement  in  erosion  rate. 

The  last  three  entries  cf  Table  V  are  performance  data 
for  c(»ipcunds  each  cc-ntalnlng  100  PHR  of  asbestos  and  of 
phenolic  resin,  but  each  based  upon  a  different  polymer. 

There  is  essentially  no  difference  in  P200  for  these  com¬ 
pounds  but  the  erosion  rates  differ  significantly,  the  com¬ 
pound  centaining  the  60/4G  butadiene/styrene  polymer  having 
the  lowest  E  rate  and  the  one  centaining  the  76,5/23,5  ratio 
polymer  having  the  highest  rate.  These  differences  may  be 


*In  the  remaining  portions  of  this  report  the  word 
"chrysotile"  will  be  omitted  from  "long  fiber 
chrysotile  asbestos". 
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of  foulr  tests, 
of  sixteen  tests 
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Average  of  six  tests. 
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attributable  tc  differences  in  rates  cf  gas  evolution*  tyi>es 
Qi  gases  generated  from  each  polTmer,  the  fiber  length  of  the 
asbestos,  or  the  viscosity  of  the  rubber  on  the  mill  affect¬ 
ing  fiber  length. 

Table  VI  presents  torch  data  for  cos^ounds  containing 
ceramic-type  fillers.  Among  these  is  a  compound  <S77C1F86) 
which  contains  six  different  metallic  oxides  in  the  propor¬ 
tions  in  which  they  are  commonly  used^°T  in  manufacturing 
high-alumina  fire  clay.  This  compound  represented  an  attempt 
to  produce  in  situ  a  high  temperature  resistant  refractory 
material.  The  char  which  resulted  from  the  burning  of  this 
compound  was,  indeed,  glassy  but  it  spalled  readily  and  per¬ 
formance  of  this  compound  in  the  flame  was  poor,  being  inter¬ 
mediate  between  a  compound  containing  100  PHR  alumina  and 
one  with  100  PEB  silica.  The  high  elongation  of  the  compound 
containing  the  oxide  mixture  was  encouraging,  therefore, 
asbestos  was  included  with  the  oxide  mixture  in  an  atteaqpt 
to  keep  the  oxide  char  from  spalling.  The  resulting  material 
(S77C1F78)  did  Indeed  exhibit  reduced  spalling  and  Improved 
torch  performance.  As  expected,  the  addition  of  asbestos  re¬ 
duced  the  ultimate  elongation.  An  attempt  was  made  to  in¬ 
crease  the  elongation  by  reducing  the  quantity  of  rubber 
curatives  (S77C3F78),  thus  producing  an  undercure  and  greater 
elongation,  The  expected  effect  took  place  but  unfortunately 
torch  perfori&ance  suffered. 

The  results  in  Table  VII  show  the  effect  on  torch  per¬ 
formance  of  the  addition  of  potassium  oxalate  to  SBR  vul- 
oanimates,  The  results  show  that  the  addition  of  the  oxalate 
produced  rather  marginal  improvement  in  the  case  of  the  com¬ 
pounds  containing  phenolic  resin  and  asbestos  or  the  oxide 
mixture  and  asbestos.  In  the  case  of  the  compounds  con¬ 
taining  resin,  asbestos  and  oxides  or  resin  alone,  the 
addition  of  potassium  oxalate  impaired  torch  performance. 

Salts  such  as  potassiiua.  oxalate  should  be  desirable  for  use 
in  case  insulation  because  cf  their  potential  as  trans- 
piratlonal  cooling  agents  and  because,  in  general,  they  have 
relatively  low  densities.  They  have  the  shortcoming,  however, 
of  being  hygroscopic.  Their  affinity  for  water  might  ad¬ 
versely  affect  the  processing  cf  ccmpouous  containing  them 
awl  might  a] sc  adversely  affect  the  storage  stability  cf  the 
fabricated  insulation. 

Only  a  limited  amount  cf  development  work  was  performed 
with  butadlene/acrylonltrlle  (NBR)  ccpcl3^ers.  The  most 
noteworthy  results  were  obtained  with  a  55/45  butadiene/ 
acrylonitrile,  which  was  selected  because  the  higher  nitrlle- 
oonTaining  memhers  of" the”  RBR  class  are  more  compatible  with 
phenolic  resins.  The  results  of  work  with  this  NBR  polymer 
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are  given  in  Table  VIII.  The  first  two  compounds  listed 
have  higher  performance  values  and  lever  ercsicn  rates  than 
those  of  any  of  the  ether  compounds  described  in  this  report 
and  are  the  best  insulation  materials,  on  the  basis  of  the 
torch  screening  test,  developed  by  the  Rock  Island  Arsenal 
Laboratory  to  date.  In  comparing  the  data  fer  these  tvs 
compounds  to  the  data  for  similar  compounds  based  on  5BR 
(see  Table  V,  J77  and  r78) ,  It  appears  that  vithin  the  par¬ 
ticular  polymer-resin-asbestcs  combination  in  question;  the 
use  of  NBR  provides  insulation  materials  superior  to  those 
in  which  SBH  is  the  rubber  polymer.  This  apparent  superi¬ 
ority  of  NBH  over  SBR  may  be  due  to  the  better  resin  com¬ 
patibility  of  the  former.  Apparent  differences  between  the 
thermal  insulation  properties  of  the  SBR  and  NBR  will  be 
discussed  at  greater  length  later  in  this  report, 

Formula  N141CP  pf  Table  VIII  differs  from  N141F  in  that 
the  rubber  curatives  were  omitted,  in  an  attempt  to  previde 
an  undercure  for  the  rubber  portion  of  the  compound,  thereby 
increasing  the  ultimate  elongation  cf  the  vulcanizate.  The 
elongation  did  not  increase  but  the  torch  perfcrmance  became 
poorer.  This  is  an  important  point.  From  the  low  elongation 
of  compound  N141F5  it  may  be  assumed  that  the  matrix  is  pre¬ 
dominantly  plastic,  rather  than  rubber,  in  nature This  is 
probably  the  reason  why  the  presence  cr  absence  cf  rubber 
curatives  had  little  effect  upon  the  stress-strain  proper¬ 
ties  of  the  esmpeund.  fer  some  reason  as  yet 

not  completely  understood r  the  rubber  curatives  had  an  in¬ 
fluence  upon  the  perfcrmance  of  the  compound  in  the  torch 
test.  Apparently  the  degree  of  drosslinking  of  the  rubber, 
even  though  rubber  is  not  the  predeminant  ingredient,  is  im¬ 
portant. 

The  last  cempeur-d  of  Table  Vlll  is  the  same  as  the  first 
with  the  exception  that  it  contains  pc-tassiun!  oxalate.  This 
salt  again  proved  to  be  detrimental,  as  shewn  by  the  lower 
index  and  higher  eroslcn  rate  of  the  vulcanizate  oentaining 
it. 


In  an  attempt  to  utilize  better  the  strength  cf  fibrous 
materials,  insulation  specimens  were  prepared  by  ferming 
laminates  cf  asbestos  cloth  and  rubber  and  of  an  organic  heat 
resistant  cloth  'see  cede  sheet':  and  rubber.  In  seme  cases, 
compounded  rubber  was  sheeted  out  and  placed  between  layers 
of  the  cloth,  la  other  cases  the  cempe-unded  rubber  was  applied 
onto-  one  side  of  the  cloth  by  means  cf  a  two-rcll  calendar. 

In  one  instance,  the  rubber  was  dissolved  in  acetone ,  the 
cloth  was  soaked  in  the  rubber  solution  and  the  coated  cloth 
was  air  and  vacuum  dr i¥d .”  In  aiT  cases  the  plied^up  layers  " 
were  placed  in  a  mold  and  cured  under  the  same  conditions  as 
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were  used  fcr  nonlaminarted  speclaens.  Table  IX  lists  the 
najor  constituents,  methods  of  fabrication  and  torch  test 
data  for  the  laminates. 

None  of  the  laminates  of  Table  IX  performed  well  in  the 
screening  test.  Although  P200  values  are  not  available,  it 
is  estimated  from  the  approximated  specimen  densities  that 
the  indices  would  range  from  60  to  20.  Sixty  is  a  reasonably 
goof.i  index,  however,  all  of  the  laminates  delaminat^  during 
the  torch  test.  The  specimen  in  which  the  fabric  was  coated 
by  being  dipped  in  a  solution  of  the  rubber  represented  an 
attempt  to  provide  good  rubber  to  fabric  adhesion.  This 
specimen,  howuver,  delaminated  as  readily  as  did  the  others. 

A  comparison  of  the  effectiveness  of  laminated  and  ncn- 
laminated  specimens  can  be  made  in  only  one  instance.  The 
laminate  containing  nine  layers  of  asbestos  cloth  is  com-' 
parable  in  composition  to  the  compound  (S77C1F84,  Table^VII) 
containing  50  PHR  long  fiber  asbestos.  The  time  to  200-C 
for  the  nonlaminar  compound  was  43  and  the  erosion  rate  was  6, 
therefore,  it  is  obvicus  that  the  laminated  compound  showed 
poorer  torch  performance. 

Experiments  were  conducted  in  an  attempt  to  verify  the 
postulate  that  the  effeotiveSess-of  insulation  which  contains 
asbestos  Is  related  to  the  size  of  the  asbestos  particles  or 
fibers.  Table  X  summarizes  data  presented  earlier  in  this 
report  for  SBR  compounds  each  containing  100  PHR  of  a  differ¬ 
ent  particle  cr  fiber  size  of  asbestos,  ranging  from  fine 
powder  to  long  fibers.  It  is  apparent  from  the  data  that  the 
longest  fiber  asbestos  provides  the  best  insulation.  The 
data  of  Table  XI  further  proves  the  superiority  of  long  fiber 
over  short  fiber  asbestos.  All  four  entries  in  this  table 
are  for  the  same  compound  (S77C1F88,  Table  V)  containing  100 
PHR  each  of  long  fiber  asbestcs  and  phenol  furfural  resin. 

The  compounds  differ  in  the  extent  to  which  they  were  mill 
mixed.  The  first  ccmpcund  was  mixed  with  the  mill  rolls  as 
far  apart  as  possible  without  losing  continuity  of  the  banded 
rubber.  In  this  manner  maximum  asbestos  dispersion  j^ith  mini¬ 
mum  fiber  breakdown  was  achieved.  After  mixing,  a  p^tlcir  cf 
the  rubber  was  cured  into  torch  specimens.  The  remainder  of 
the  rubber  "?as  then  further  milled  by  end  over  ending  10 
times,  A  portion  of  this  mix  was  removed  and  cured.  The 
third  and  fourth  ccapounds  received  an  additional  10  and  20 
end  over  ends,  respectively.  The  rubber  which  received  the 
least  mixing  bad  long  asbestos  fibers  clearly  visible  on  the 
surface  of  the  cured  specimens  whereas  the  rubber  which  had 
received  the  most  mill  mixing  had  no  visible  fibers  cn  the 
surface.  The  data  cf  Table  XI  clearly  show  the  superiority 
of  the  compcund  which  had  received  the  least  mixing  and  thus 
centaining  the  longest  fibers^/  “Beth  Tables  X  and  XI  show - 
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TABLE  K 


THE  EFFECT  OF  ASBESTOS  PARTICLE 
SIZE  ON  TORCH  PERFORMANCE 


RU 

Fomula 

No. 

Approximate 
Particle  or 
Fiber  Size 

S77C1F22 

0.18  -  >0.5’' 

S77C1F57 

0,08  -  0.18 

S77C1F21 

<  0.08" 

S77CF71 

8  microns 

P200 

E. 

Tensile 

Strength 

psi 

51 

5 

1050 

18 

14 

800 

14 

18 

560 

10 

26 

540 

TABLE  XI 


THE  EFFECT  OF  DEGREE  OF  MILLIIW  ON  THE  T(»CH 
PERFORMANCE  OF  VOLCANIZATEB  CONTAINING  ASBESTOS 


Tensile 

Extent  of  Milling*  ^200  E.  Strength,  psi 


Minimum 

59 

3 

2250 

10  additional 
end  over  end 

48 

5 

2280 

20  additional 
end  over  end 

44 

5 

1090 

Maximum  30 
additional 
end  over  end 

34 

7 

Not  measured 

*Compound  usod  in  this  study  was  S77C1F88.  See 
Table  V  fo’’  composition.  All  milling  was  per¬ 
formed  with  the  ASTH  standard  roll  gear  ratio 
of  1.4:1.  All  results  are  the  average  of 
_ four-tests. _  .  ^  . 
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good  correlation  among  the  variables  of  tensile  strength, _ 

particle  size  (or  extent  pf  milling)  and  torch  performance. 

Although  long  fiber  asbestos  ioparts  good  ozyacetylene 
torch  resistance  to  rubber  based  vulcanlzates,  its  rather  high 
density  (2.4  -  2.6)  is  a  disti.jct  disadvantage.  In  an  effort 
to  r-^duce  the  weight  of  asbestos-containing  compounds,  a  study 
was  made  to  determine  the  minimum  amount  of  asbestos  which 
would  provide  optimum  torch  resistance.  The  study  was  made 
with  three  polymers  of  the  SBR  and  NBR  types.  A  similar  study 
was  conducted  with  a  hydrated  silica  filler  (density  1.S5). 

All  ooiq)ounds  were  mill  mixed  under  the  previously  described 
conditions  which  optimize  the  retention  of  filler  structure. 
Test  data,  shown  in  Table  XII,  clearly  indicate  that  for  each 
of  the  polymers  Investigated,  there  is  a  level  of  asbestos 
concentration  which  imparts  optimum  resistance  to  the 
screening  test.  Surprisingly,  this  level  is  approximately 
the  same,  60  PHR,  in  each  polymer.  Asbestos  loadings  greater 
than  60  PHR  do  not  provide  better  insulatlou.  It  is  believed 
that  the  ratio  of  the  concentrations  of  rubber  and  asbestos 
is  ry  important  to  the  quality  of  the  insulation.  A 
eertalc  proportion  of  asbestos  is  required  to  provide  a 
thermally  resistant  char  but  a  certain  proportion  of  rubber 
is  necessary  to  serve  as  a  source  of  cooling  gases. 

The  data  of  Table  XII  also  show  that  40  PBR  of  hydfatsd 
silica  appears  to  be  an  Optimum  loading  for  the  polymers  in¬ 
vestigated.  The  data  further  reveal  a  most  interesting  point, 
nsuaely,  that  for  the  coBq>ounds  which  contain  the  optimum 
levels  of  asbestos  or  silica  (60  and  40  PBR,  respectively), 
those  based  on  SBR  are  superior  to  those  based  on  As 

noted  previously,  this  difference  cculd  be  due  to  the  varying 
degrees  of  efficiency  in  which  the  polymers  act  as  trans- 
plrational  cooling  agents.  On  the  other  hand,  the  difference 
could  be  due  to  the  pfasrslcal  nature  of  the  polymers.  For 
exasqple,  the  55/4S  butadiene/acrylonitrile  pol3nBer  Is  much 
tougher,  harder  and  more  difficult  to  process  than  is  the 
76.5/23,6  butadiene/styrene  polymer.  It  is  quite  possible 
that  during  the  addition  of  asbestos  to  these  two  polymers  on 
the  mill,  greater  shearing  forces  are  exerted  cn  the  asbestos 
in  the  case  of  the  former  polymer,  resulting  in  an  HBR- 
asbestos  compound  containing  shorter  fibers  than  are  present 
in  the  SBR-asbestos  ccmpcund.  It  has  already  been  shown  that 
the  shorter  asbestos  fibers  lead  to  inferior  insulation. 

To  study  further  the  possible  effect  of  polymer  processa¬ 
bility  on  the  insulaticn  effectiveness  of  vulcanizates  cpn- 
taining  asbestos,  vulcanizates  of  nine  different  pc-lymers, 
each  compounded  with  60  parts  of  long  fiber  asbestos,  were 
prepared  and  tested  in  the  torch.  -The-  solid-polyaersi-werez^- 
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’’^asic  fornulatlOD  -  S77C1 

formulation  -  N141C3D3 
♦♦♦Basic  tormulation  -  N141C3 
All  results  are  the  average  of  4  teats 


mixed  in  the  usual  manner,  The  liquid  polymers ;  their  cura¬ 
tives  and  all  but  about  two  thirds  of  the  asbestos/  were  mixed 
by  hand  stirring.  The  mix  was  toe  viscous  at  this  point  to 
permit  the  addition  of  the  remainder  of  the  asbestos  by  hand 
mixing;  therefore;  it  was  added  by  mill  mixing.  Even  though 
the  standard  roll  gear  ratio  of  1,4:1  was  used;  very  little 
shef.^ing  acticn  took  place  during  the  final  mill  mixing  be¬ 
cause  the  mill  rolls  were  set  about  1/2  inch  apart  and  the 
compound  was  very  soft.  Table  XIII  gives  the  results  of  this 
work  and  alsc  includes  a  qualitative  evaluation  of  the  pro¬ 
cessing  characteristics  of  the  polymers  investigated.  The 
data  show  excellent  agreement  between  ease  of  processability 
and  P200  and  S  values;  thereby  indicating  that  the  soft; 
smooth,  easily  milled  polymers,  such  as  the  liquid  polymers 
and  the  first  few  solid  polymers  listed  In  Table  XIII,  pro¬ 
bably  do  not  cause  asbestos  liber  breakdown  to  the  extent 
that  the  rougher,  harder  polymers  do.  Poly butadiene  pro¬ 
bably  furnished  poor  insulation  because  It  is  a  difficult 
polymer  to  process,  cot  by  virtue  of  its  toughness  but  because 
of  Its  weakness  and  tendency  to  crtuable.  Polymers  which  do 
not  band  well,  but  crumble  on  the  rolls,  usually  amst  be 
milled  with  a  tight  nip,  thereby  increasing  shearing  forces 
which  lead  to  ultimate  fiber  breakdown. 

Table  XIII  also  lists  the  behavior  of  each  vulcanlzate 
during  burning  in  the  screening  test.  Those  compounds  which 
had  high  performance  indices  and  low  erosion  rates  showed 
little  or  no  evidence  of  loss  of  char  or  "spalling^  during 
the  torch  test.  Conversely,  the  poorer  performing^  compounds 
spalled  readily.  TBaroughout  this  entire  study,  spalling  has 
been  noted  to  occur  in  those  compounds  In  which  the  asbestos 
fibers  are  of  short  length.  Here  again  is  evidence  that  the 
integrity  of  the  fiber  must  be  retained  in  order  to  achieve 
optimum  insulation.  For  exai^le,  these  compounds  based  on 
the  liquid  polymers  and  ccntaicing  asbestos  loadings  as 
low  as  40  PBR  provide  mere  efficient  insulation  materials 
than  result  from  the  use  cf  60  PHR  asbestos  with  conven¬ 
tional  solid  SIffl  polymers.  Undoubtedly  the  long  fibers  of 
asbestos  suffer  less  breakage  when  mixed  with  liquid  polymers 
than  when  milled  with  solid  polders. 

In  view  of  the  gc-od  insulaticn  materials  developed  frv»i 
the  liquid  and  the  easy  processing  solid  polymers  in  com¬ 
bination  with  60  parte  cf  long  fiber  asbestos ,  these  polymers 
were  further  explcited  by  cembining  them  with  ether  types  of 
fillers  or  lesser  amounts  cf  asbestos  as  noted  in  Table  XIV. 
Some  excellent  materials  resulted. 

The  second  entry  of  Table  XIV  is  one  cf  special  interest, 

-The -poly^r  in  this, case  , is  a  blend  cf  a  but&diene/jicr.y_iQ-  _ 

nitrile  (NBRT  and  polyvinyl  chlcride  TFVG/ .  The  excellent 
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JLU  rMtults  «ra  tlia  »««rac«  of  4  t«at« 


torch  perfcrmanee  of  the  vuicsnisste  bassd  on  this  polyasr 
!Bay  b©  due,  in  part,  to  the  ease  yith  which  the  long  fiber 
asbestes  is  iasorpcrated  iatc  the  rubber,  but  assy  also  be  due 
to  the  presence  sf  the  PVC.  It  is  known  that  palyvinyl 
fluoride,  a  pciyiner  similar  in  sasny  respects  to  S»VC,  vela- 
tiliaes  completely  upcn  pyrolysis  and  does  not  f-rm  a  char. 
Perhaps  PVC  acts  similarly.  If  this  is  true,  the  blend  of 
NBR  and  PVC  would  preduse  a  larger  volume  of  gases  than  would 
NBR  alone,  because  undoubtedly  HER  polymer  produces  some  oh*r 
rather  than  valatilising  c&apletely.  This  Insreased  amount 
of  gas  might  produce  &  large  encugh  ocoling  effect  to  account 
tor  the  superiority  of  the  NBS/PVC  blend,  it  was  noted  aft©r 
the  tc-rsh  burnreg  cf  the  NBP./FVC  oe-a^^ound  eSGtadnieg  asbestos 
and  silica  (Ni41C3D5F19>  that  the  specLiEe-/,  had  blown  and 
panded.  This  behavior  was  not  observed  with  any  ether  simi¬ 
larly  filled  pc-lycer  compos it iocs,  thus  indicating  that  the 
NBR/PVC  bleed  did,  perhaps;  predaoe  greater  volumes  cf  gas 
than  did  cc-apeunds  based  os  other  polyasers. 

The  use  of  fine  particle  size  carbon  black  vr  hydrat^'d 
Silica  in  ooajunotir^s  with  aebesiC'S  improved  tc-rch  perfortiknee 
over  that  pbtainsd  with  asbestos  alone.  Cempounds  N141C3D5F1& 
and  N14lC3b5FS  sh-ow  this  comparisen  for  the  compeunds  co5J= 
taiaing^the  HBS/PVC  blend  and  the  last  four  oospousds  of 
Table  XIV  shew  the  for  valoaaizates  based  on  a 

sclid  SBR.  The  reaspa  fez^  this  apparent  synergism  its  not 
ucderetcod. 

Rubber  manufact-:-*rers  %uit6  recently  have  base  ' 

mendieg  the  use  cf  Eilioese  rubber  for  rc-iket  leotjSz  thensal 
insulation.  SxsJttinfetica  of  aao'-ifacturer 's  rsperts  shows 
that  their  re-c-GaasGdatioss  are  based  on  data  obtaiced  by 
the  use  of  low  vsl-iiTiity ,  lo*  heat  flux  systems.  A  very 

limited  study  wsts  made  of  icstslatioo  c^jmpeueds  based  sn  methyl 
vinyl  and  methyl  phenyl  vinyl  slliccce  p-ol ymex ;?■ .  The  t^irch 
tost  result®  given  in  Table  XV  dc  net  I**k  pa'^^sdslag,  SSWever, 
the  Jew  vieoogity,  ilsost  liquid  character  sp.sny  cf  the 
silioose  polymers,  should  make  the®  very  d8.=.irable  a 
matris  fer  fibrous  fillers.  Further  evalufetion  of  liquid 
silicone  p??lymers  is  placnsd. 

Several  sf  the  better  insulatiss  materials  developed 
during  the  early  p.^rtlons  of  the  work  covered  by  this  report 
were  tested  in  static  rocket  motor  firings.  Results  cf  th# 
firing  tests  oondustsd  by  the  Atlantic  Resesreh,. Corporation 
are  given  in  Table  XVI.  Results  for  the  control  compound 
used  in  these  tests  (a  seasmsrgial  rubber-based  material^-  are 
also  included.  The  ise'.ilatiouB  based  on  liquid  polymers  and 
on  the  NBR/PVC  blend  had  nst  been  developed  at  the  time  that 
the  motor  testa  wer_6_c.c.n.dusteji._.h6:.w.ev_gr_,._j^he_tcr.ch__t-ss-t-d&ta,--.-^ 
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TABLE  ZVI 


'A.tUuitlc  E«*mrci>  Corp^ntloii 


for  such  insulations  are  also  given  in  the  table.  The  results 
of  the  firing  tests  perforaed  by  the  Allegany  Ballistics 
XiSboratory  were  classified  and  are  not  included  in  this  report. 

It  is  apparent  from  the  data  of  Table  XVI  that  the  motor 
firing  test  results  do  net  correlate  in  all  cases  with  the 
resj'lts  of  the  torch  test.  The  convergent  motor  results  show 
all  three  Mterials  which  were  tested  to  be  superior  to  the 
control.  However,  two  of  these  three  materials  had  poorer 
torch  performance  than  that  of  the  control.  The  peripheral 
slab  Mtor  test  results  would  correlate  with  torch  test  data 
wore  it  not  for  the  one  value  of  3.8  which  is  out  of  line. 

Thus  the  convergent  test  rates  as  best  the  material  with  the 
h^ighest  torch  performance,  but  the  t^ripheral  slab  test  rates 
as  best  one  of  the  poorer  torch  perfoirmers.  Similar  lack  of 
correlation  between  motor  and  torch  test  results  have  been 
oteerved  by  many  investigators  and  is  not  really  surprising, 
in  view  of  the  gross  differences  between  the.  conditions  of 
the  tests,  namely,  exposure  times,  teiq>eratures ,  pressures 
and  environments. 

The  , .three  cfMqMSunds  biused  ^on  liquid  SBR  or  the  blend  of 
PVC  and  MB&  are  listed  in.  Table  XVI  merely  to  show  the  re¬ 
lationship  of  their  torch  test  values  to  those  of^  the  com-  _ 
pounds  which  were  tested  in  motor  firings.  From  "this  relatioh- 
ship  It  would  seem  reasonable  to  eiqwct  good  performance  of 
these  three ’materials  in  the  motor  firing  tests. 

DISCOSSIOtt 

It  was  hoped  that  the  exploratory  work  covered  by  this 
report  would  result  in  definite  guidelines  which  would  esta¬ 
blish  the  types  of  materials  needed  to  produce  superior, 
rubber-based  case  insulation.  One  such  guideline  was  esta-  . 
blisbed,  namely,  that  effective  insulation  must  contain 
materials  w^ch  will  form  profuse  amounts  of  hard,  tenacious, 
erosion  resistant  cliar.  It  . has  been  shown  that  gum  elastOMrs 
do  not,  by  themselves,  form  such  chars,  but  that  these  same 
elastomers,  when  combined  with  certain  types  of  fillers,  pro¬ 
duce  char  forming  vulcanizates.  The  most  effective, fillers 
are;  (1)  the  fibrous  materials  which  combine  good  heat  resis¬ 
tance  with  inherent  strength,  (2)  resins  which  form  highly 
crosslinked  networks,  and  (3)  reinforcing  materials  which  in¬ 
crease  the  rubber  crosslinked  structure.  Compatibility  be¬ 
tween  filler  and  rubber  is  essential  in  all  cases. 

Several  important  observations  have  resulted  from  this 
study  but  proof  of  their  general  applicability  is  lacking. 

These  observations  are  as  follows; 
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1.  The  degree  of  crosslinking  cf  the.jrubber  component 
of  the  insulation  is  important  to  the  net  efficiency  of  the 
Insulation.  The  degree  cf  filler  reinforcement  and  the  type 
and  amount  of  rubber  curatives  appear  to  be  important  in  this 
respect. 


2.  Certain  polymers  seem  to  produce  more  effective  in¬ 
sulation  than  others  when  each  Is  combined  with  equal  parts 
of  the  same  fibrous  filler.  It  is  not  known  whe^ther  this  is 
due  to  the  ability  of  certain  pol3rmers  to  fcirm  more  char  or 
to  produce  mpre  gas  than  others  or  whether  the  difference  Is 
due  to  the  ability  cf  the  polymers  to  mix  with  the  fillers 
without  breaking  down  the  fiber  structure.  To  answer  this 
question  it  will  be  necessary  to  evaluate  a  large  number  of 
liquid  polymers  of  essentially  equal  viscosity,  in  order  tc 
eliminate  the  variable  of  fiber  breakdown  due  to  shearing 
forces  between  filler  and  polymer. 

3.  There  appears  to  be  an  optlmxm  ratio  between  filler 
and  polymer  for  optimum  torch  performance.  It  is  postulated 
that  certain  proportions  of  a  char  forming  ingredient 
(filler)  as  well  as  a  gas  forming  ingredient  (rubber)  are 
required.  Verification  of  this  postulate  should  be  of  great 
value  tc  the  future  deyelopment  of  flexible  insulations. 
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